INTRODUCTION {#sec1-1}
============

Corneal transplants are among the most commonly performed tissue transplants worldwide. Historically, penetrating keratoplasty (PK) was the most commonly used technique. PK is a well-established full thickness corneal transplant surgery. Recent advances in corneal transplant surgery allowed the development of additional lamellar corneal transplant techniques such as deep anterior lamellar keratoplasty and Descemets stripping automated endothelial keratoplasty. Unfortunately, the shortage of corneal tissue, coupled with the short shelf life (about 14 days) present serious limitations, especially in emergencies, rural areas, and developing countries. Furthermore, outside the United States, the demand for donor cornea is greater than the available supply.

Vision Graft Sterile Cornea^®^(VSC) (Tissue Banks International \[TBI\], Baltimore, Maryland), a gamma irradiated cornea, in which donor keratocytes and endothelial cells are removed, has been shown to be effective for corneal lamellar and glaucoma patch.[@ref1][@ref2] Of the 108,000 donated corneas in the United States, approximately 40% are discarded for various reasons, including unhealthy endothelium.[@ref3] The tissues selected for gamma irradiation processing include grafts that are unsuitable for PK but have clear and uncompromised stroma. Hence, VSC can increase the supply of corneas suitable for transplantation in cases that do not require viable endothelium. In addition, irradiation prolongs the shelf life of the sterile cornea to more than a year at room temperature. Thus, it can be readily available for emergency procedures and in remote regions or developing countries. Finally, sterilization is beneficial in reducing the risk of transmission of bacterial or fungal infections from graft to host.[@ref4][@ref5][@ref6]

Corneal collagen crosslinking (CXL) was introduced by Spoerl using a porcine eye.[@ref7] After promising basic science and animal studies, the technique was then performed as a treatment for keratoconus and corneal ectasia in humans.[@ref8][@ref9] CXL treatment involves the use of ultraviolet A (UVA) light exposure after instillation of riboflavin onto the patient\'s cornea. CXL causes cross-linking of collagen fibrils, which strengthens the cornea and stabilizes the corneal shape.[@ref10][@ref11] Recently, CXL has been attempted in cases of corneal infections and bullous keratopathy.[@ref12][@ref13][@ref14]

In this study, we hypothesized that gamma irradiation to the donor cornea sterilizes and removes corneal keratocytes and endothelial cells and causes cross-linking of corneal collagen fibrils, which might keep the cornea more compact even without an endothelial pump. We performed PK in rabbit models using full thickness gamma irradiated corneas to evaluate the effect *in vivo* and to determine if it may serve as an alternative to fresh donor corneas.

METHODS {#sec1-2}
=======

The experiment was performed according to The Association for Research in Vision and Ophthalmology and Johns Hopkins University Animal Care and Use Committee guidelines. Our experiment consisted of four groups comprised of 17 male New Zealand white rabbits that underwent PK in the right eye. The first control group received freshly harvested allogenic corneal grafts (a fresh cornea with endothelium group; *n* = 5). The second group received gamma irradiated cornea (*n* = 6). The third received cryopreserved cornea (*n* = 2). The fourth group received fresh grafts with the endothelium removed (fresh cornea without endothelium; *n* = 4). Frozen cornea was used as the control group because gamma irradiation is performed after freezing the tissue for VSC. Postoperative care consisted of topical gentamicin sulfate and prednisolone acetate ointment. Intramuscular buprenorphine was used for pain relief.

Graft preparation {#sec2-1}
-----------------

Rabbit scleral rims were frozen in Optisol GS^®^(Bausch and Lomb, Rochester, New York) until they were irradiated at TBI. They were then stored in albumin at room temperature; this procedure is the same as that used to prepare human irradiated sterile corneas. Rabbit cryopreserved corneas were kept frozen in Optisol GS^®^ at −80°C until the time of surgery. Fresh rabbit corneas were obtained before performing PK. For the fresh cornea without endothelium group, Descemets membrane was removed before trephination of the corneal button.

Penetrating keratoplasty procedure {#sec2-2}
----------------------------------

Rabbits were anesthetized with an intramuscular injection of ketamine (50 mg/kg) and xylazine (10 mg/kg). Lidocaine eye drops were used for local anesthesia. The pupils were dilated with tropicamide and phenylephrine eye drops. Intracameral heparin was injected through a stab incision, and the anterior chamber was filled with viscoelastic. Trephination was performed with an 8 mm diameter biopsy punch and completed with corneal scissors. Donor grafts were prepared by using 8.5 mm punches. The donor grafts were sutured to the host bed with 10--0 nylon sutures. The viscoelastic material in the anterior chamber was removed.

Postoperative evaluation {#sec2-3}
------------------------

Slit lamp examination and photography was performed at postoperative week (POW) one, two, and four. Two examiners graded the transplanted cornea based on the modified Holland method at POW one, two, and four.[@ref15] Briefly, corneal clarity (C), edema (E), and vascularization (V) were scored on a 0--4 scale, in which smaller numbers indicated better results \[[Table 1](#T1){ref-type="table"}\]. The posterior surface of the graft was evaluated with confocal microscopy.

###### 

Slit lamp grading of corneal graft after PK in a rabbit model

![](MEAJO-22-346-g001)

Histological evaluation {#sec2-4}
-----------------------

Some rabbits were euthanized at POW 1 and POW 4 to evaluate the histology of the cornea. The enucleated eyes were fixed in 10% formalin. Hematoxylin and eosin staining was performed for evaluation of the stromal structure of each group.

Statistical analysis {#sec2-5}
--------------------

Kruskal-Wallis rank tests were used to compare the baseline corneal clarity, edema, and vascularization among the four treatment groups. Generalized least squares models with an autoregressive correlation structure were used to compare clarity, edema, and vascularization collected over a 4-week period from the different treatment groups. The correlation structure is necessary to consider for correlation of repeated measures in the same eye. The models included time and indicator variables for the treatment effects as predictors. The models assumed the time effect to be the same in the four groups, and a linear relationship was assumed between the outcomes and time. Statistical significance in this study is reported as *P* values and 95% confidence intervals (CIs). A *P* \< 0.05 was considered statistically significant. Analyses were performed using the SAS/STAT 9.2 (SAS Institute Inc. Cary, North Carolina).

RESULTS {#sec1-3}
=======

Clinical observation {#sec2-6}
--------------------

### Clarity {#sec3-1}

Fresh grafts with endothelium remained clear throughout the observation period \[Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\]. The fresh grafts with endothelium were statistically significantly clearer than gamma irradiated corneas (*P* = 0.0006), cryopreserved corneas (*P* \< 0.0001), and the fresh corneas without endothelium (*P* \< 0.0001) over the course of the 4 weeks.

![Slit lamp grading scores at postoperative week one, two, and four of four groups (fresh graft with endothelium, gamma irradiated cornea, cryopreserved cornea, and fresh graft without endothelium)](MEAJO-22-346-g002){#F1}

![Postoperative week one slit lamp pictures of gamma irradiated cornea (a) fresh cornea with endothelium (b) fresh cornea without endothelium (c) and cryopreserved cornea (d) Note that while fresh graft with endothelium and gamma irradiated graft do not have edema, the other two without viable endothelium had corneal edema](MEAJO-22-346-g003){#F2}

Gamma irradiated corneas had mild haze at POW 1 which increased to moderate haze by POW 4. The other two groups (cryopreserved and fresh corneas without endothelium) showed moderate haze from the beginning, which progressed to significant haze by POW 4. The gamma irradiated corneas remained statistically significantly clearer than cryopreserved and fresh corneas without endothelium during the observation period (generalized least square model \[*P* \< 0.05\]).

Edema {#sec2-7}
-----

Fresh graft with endothelium did not have any significant edema during the 4-week observation period \[[Figure 1](#F1){ref-type="fig"}\]. The fresh graft with endothelium was significantly thinner than the gamma irradiated cornea (*P* = 0.04), the cryopreserved (*P* = 0.005), and the fresh cornea without endothelium (*P* = 0.003) groups over the course of the 4 weeks.

Gamma irradiated corneas had minimal edema at POW 1 that increased to moderate stromal edema by POW 4. The cryopreserved cornea showed mild edema at POW 1 that progressed to severe edema by POW 4. The fresh cornea without endothelium had mild edema at POW 1 that progressed to moderate edema by POW 4. The gamma irradiated corneas were less edematous than cryopreserved and fresh corneas without endothelium, but this was not statistically significant (*P* = 0.08 and *P* = 0.15, respectively).

Neovascularization {#sec2-8}
------------------

All grafts had minimal neovascularization at POW 1. The neovascularization scores increased over time in all four groups \[[Figure 1](#F1){ref-type="fig"}\]. The gamma irradiated corneas had less neovascularization than the fresh corneas with endothelium (*P* = 0.18), the cryopreserved cornea (*P* = 0.3), and the fresh cornea without endothelium (*P* = 0.2) for the duration this study.

### Confocal microscopy {#sec3-2}

Confocal images indicated healthy, well-demarcated endothelial cells in the fresh cornea with endothelium group at POW 1 to POW 4. There were no hexagonal endothelial cells in the other groups including the irradiated corneas at any point in this study (data not shown). No regrowth of the endothelium was observed in these groups during the observation period.

### Histological analysis {#sec3-3}

Hematoxylin and eosin staining of the grafts at POW 1 showed keratocytes in the fresh cornea with endothelium, the fresh cornea without endothelium and the cryopreserved cornea \[[Figure 3](#F3){ref-type="fig"}\]. There were no keratocytes in the gamma irradiated corneas. The stromal structure of the fresh corneas with endothelium and gamma irradiated corneas were organized while the other two had vacuoles between the collagen layers indicating stromal edema. Endothelial cells were observed in the fresh cornea with endothelium, as well as the cryopreserved corneas, but not in the gamma irradiated or the fresh corneas without endothelium.

![Hematoxylin and eosin staining of gamma irradiated cornea (a) fresh cornea with endothelium (b) fresh cornea without endothelium (c) and cryopreserved cornea (d) at postoperative week one](MEAJO-22-346-g004){#F3}

DISCUSSION {#sec1-4}
==========

Gamma irradiated corneal grafts had reduced allogenicity,[@ref16] potentially supporting their use in procedures that do not require viable endothelium. VSC can have potential applications for procedures such as corneal patch grafts and anterior lamellar keratoplasty,[@ref1] donor corneal rims for the Boston II keratoprosthesis,[@ref17] and patch grafts for glaucoma drainage device.[@ref2] In addition, the cross-linking of collagen fibrils in gamma-irradiated corneas led us to postulate they will perform better than cryopreserved or fresh corneas without endothelium in PK.

We found that among the grafts without viable endothelium, gamma irradiated corneas remained clearer compared to the cryopreserved (*P* = 0.02) and the fresh graft without endothelium (*P* = 0.04). Although the gamma irradiated corneas remained thinner than the other two groups, this was not statistically significant (*P* \> 0.05 all comparisons).

Rabbit endothelial cells proliferate *in vivo*.[@ref18] However, in our study, histopathology and confocal microscopy indicated no evidence of regrowth of endothelium in any of our grafts over 4 weeks follow-up. Despite the lack of endothelial cells, the gamma irradiated cornea stayed clear and thin suggesting the effect of gamma irradiation on stromal stiffening.

The evaluation of crosslinking due to gamma irradiation on the cornea is a nascent area of study. However, electron microscopy has demonstrated that the interfibrillar distance in the anterior stroma of irradiated cornea was significantly lower than non-irradiated controls.[@ref19] We know that oxidation is an underlying mechanism for cross-linking collagen.[@ref10] As radiation causes oxidation, collagen fibrils in the irradiated sterile cornea may be cross-linked as well. Thus, our findings may not be explained by cryopreservation or endothelial regeneration, but possibly, by the effect of gamma irradiation.

Previous studies found that CXL only transiently improved corneal thickness and transparency in eyes with bullous keratopathy.[@ref14] The transient strength of the stroma was improved upon in our study. However, we also found the stromal strength was limited, and over the course of a month, the anti-edematous effect was insufficient to keep the stroma thin, clear, and dehydrated. Hence, gamma irradiation may not be a replacement for viable endothelium.

The mechanism and the treatment of corneal neovascularization have been studied extensively.[@ref20][@ref21][@ref22] Neovascularization is a known risk factor in many cases of graft rejection after PK.[@ref23] In addition, to improving clarity and edema, the sterile cornea may have decreased angiogenesis properties. Maurice showed that corneal edema is necessary for the growth of vessels into the cornea.[@ref24] Our study demonstrated that gamma irradiation stiffened the corneal stroma. Thus, the irradiated graft\'s resistance to corneal edema theoretically blocks new vessel invasion into the corneal stroma, which could prevent secondary problems such as graft rejection and lipid deposition. In the current study, the new vessels in the cornea did not reach to the grafts while the gamma irradiated cornea was still thin. Hence, we cannot confirm this theory in this study.

Histopathological examination of gamma irradiated cornea demonstrated the absence of keratocytes. This is consistent with previous studies with electron microscopy.[@ref19] In addition, to the effect of reduced edema, decellularization of the cornea itself can prevent an immunogenic reaction[@ref1] and thus, neovascularization as well.

The major limitation of this study is the small sample size. Although our study, showed encouraging results with gamma-irradiated corneas compared to other preserved corneas, the statistical power was weak. Perhaps a larger sample size is required. In addition, the reduced antigenicity of irradiated corneas requires further study.

In conclusion, gamma irradiated corneas were superior to other preserved corneas *in vivo* for an animal model in terms of resisting corneal haze. However, the gamma irradiated cornea is an unsuitable alternative to fresh donor cornea for a PK graft. Gamma irradiated corneas may be better candidates for patch grafts and anterior lamellar transplants.
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